The performance parameters of thermal protection system are essential for the design and optimization of high-speed aircraft. The flight-ground conversion is a valid method to provide the effective support to the design of the thermal protection structure (TPS), because the performance data of TPS were generally obtained from wind tunnel test and should be conversed to the corresponding environment. In this paper, the similarity parameters of heat conduction and thermoelasticity equations are studied, the similarity criteria proposed, and the effectiveness of some of the similar parameters are calculated and analyzed. The research results indicated that wind tunnel test can be better designed using the proposed similarity criteria, and the data obtained from wind tunnel test can be modified more rational to accommodate the reality flight condition so as to improve the precision and the efficiency of wind tunnel experiment.
Introduction
The thermal protection design was, is and will be one of the most critical and challenging issues for the design of high-speed aircraft, the development history of hypersonic vehicle indicated that the TPS is always an important technical bottleneck to improve the vehicle flight capability and reduce the structural weight. In the aircraft design process, the performance parameters of thermal protection system are essential and most of the data are obtained from wind tunnel test.
Limited to the equipment capacity of wind tunnel, the size of model and the flow conditions in the test are very different from the actual flight. The experiment data are not practicable directly and needed to be converted to flight condition base on the flight-ground conversion method. In the past studies, the aerodynamic heating is mostly considered. But for the modern hypersonic vehicle, two main heating characteristics are higher peak heat flux around the sharper leading edge and larger cumulative heating caused by longer flying time, both the temperature rising rate and gradient of the aircraft thermal protection structure are very large, and the thermal stress become an acute problem. Therefore, the thermal structure experiment becomes even more important. The actual performance parameters of temperature/stress of the structure can be obtained from wind tunnel test, which can provide the effective support to the design of the thermal protection structure. In the 1950s, the thermal stress similarity of the building had been studied. However, the systemic introduction of the similarity criteria of aircraft structure temperature/stress/dynamic response for wind tunnel test is not widely accepted.
In this paper, the wind tunnel environment is studied, and the similar parameters of the heat conduction and thermoelasticity equations have been discussed. Finally, some of the similar parameters in this paper were calculated and analyzed.
Basic Conceptions
The heat transfer in thermal structure is controlled by heat conduction. In Cartesian coordinates, ignoring the internal heat source, the three-dimensional thermal diffusion equation is given by
Where k is the thermal conductivity, T is the temperature, ρ is the density, p c is the pressure coefficient, and t is the time. The stress field can be described by the thermo-elastic equations. Considering the dynamic response，three-dimensional elastodynamic equations are:
Balance equation: ,
Constitutive equation:
Where σ is the stress, ρ is the density, u is the displacement, ε is the strain, G and λ is the Lame constant, and T is the temperature.
These above equations are basically the same with the three-dimensional elasticity equations. However, the inertial force and damping force are considered in these equations. 
Similarity Discussions
Ignoring the body force and damping force, the equations (2) and (4) can be given as: 
For the consistency with the original equations, the dimensionless equations must meet the following conditions 0 0 2 0
Here, 0 1 T = and 0 0 / 1 θ α = must be satisfied in order to keep the structure temperature/stress similarity. These are the expressions of the similarity criteria. The first one is the Fourier number expression. The second one indicates that the passion ratio of material should be constant. The third one is the key expression, which not only shows the temperature/stress similar relation, but also shows the dynamic response similar relation.
Besides the temperature/stress equations, the boundary conditions should be considered. In a thermal environment experiment, both the heat flow boundary condition and the material radiation boundary condition must be taken into account simultaneously.
( )
The dimensionless equation can be represented by
Therefore, only when the heat flux and the radiation coefficients of materials satisfy the above relationship simultaneously, the similar requirements can be met completely. Furthermore, also the elastodynamic equations have the corresponding load boundary conditions. This mainly refers to the aerodynamic boundary. Hypersonic flow can be considered generally a Newtonian flow. According to the characteristics of Newtonian flow, the surface pressure is proportional to the flow speed and density. In other words, when the inflow conditions keep the same, the aerodynamic boundary is similar.
Considering the difference of wind tunnel model size with flight vehicle size, the equation is given as
Where, X is the surface aerodynamic force of the structure. The dimensionless equation can be written in the following form
This is the similar criteria equation which satisfies with the aerodynamic boundary. In summary, to ensure the similarity of the models in a thermal environment experiment, the similar criteria equations (8), (10), (12) must be met simultaneously. To take 0 2 l = for an example, the following parameter values can be obtained through the similar criteria equations:
Therefore, the heating time will be four times of the prototype when the thermal conductivity, coefficient of thermal expansion and Poisson's ratio keep constant. To validate the similar parameters, some of the parameters will be illuminated in several typical examples.
Computational Method
The aerodynamic, aerodynamic heating, heat transfer and thermal stress/strain are all calculated in this paper. The engineering methods are used for the calculations of aerodynamic and aerodynamic heating. The structural temperature distribution is obtained using the finite volume method. Finally, based on the variation principle, the thermal stress/strain is obtained using the finite element method.
Approximate Hypersonic Aerodynamics
Currently, there are a lot of engineering methods in the hypersonic field, such as Newtonian theory, embedded Newtonian theory, piston theory and shock-expansion theory. Considering the characteristics of the computational models in this paper, the embedded Newtonian theory is used in the calculation of the windward aerodynamic force.
Where press C is the pressure coefficient, 
press C M γ δ γ δ
Where M is the Mach number, and δ is the boundary layer momentum thickness.
Approximate Hypersonic Aerodynamic Heating
The engineering methods of aerodynamic heating can be divided into two major types. One is for stagnation, and the other is for non-stationary point. In the calculation of stagnation aerodynamic heating, the Fay-Riddell formula has been widely used. In the calculation of non-stationary point aerodynamic, the engineering methods can be divided by laminar and turbulence flow. The development of the aerodynamic heating engineering methods for laminar flow is already perfect. The amendatory Lees formula is commonly used. 
Where Re θ is the boundary layer thickness Reynolds number.
For turbulence flow, using Blasius surface plane friction formula and amendatory Reynolds analogy, the momentum integral equation and the energy integral equation can be solved. After the correction of the shape factor and compressibility factor, the formula of the turbulence aerodynamic heating [5] is given by Therefore, given specific atmospheric parameters and shape data of computational model, the heat flux can be obtained by Eqs. (16)&(21) . The stagnation aerodynamic heating can be obtained by Eq.(16). And the non-stationary aerodynamic heating can be obtained by Eq.(21). It should be noted that, there are so many parameters that can affect the transition. Normally, the criteria of transition are selected based on the actual situation. In this paper, the criteria of transition and the intermittent factor in literature [6] are used.
Heat Transfer
The Eq. (1) is the governing equation of heat transfer. The finite volume method is used in the calculation of heat transfer. In Cartesian coordinates, the integral form of Eq.(1) in the control unit is as follow:
Where ρ is the density, p C is the specific heat capacity, V is the element volume, n is the normal vector of the element surface, k n is the normal unit vector of element surface k , N is the number of element surface, k S is the area of element surface k , and k q is the heat flux of element surface k . The equation is discretized at time-level n using second-order TVD-Runge-Kutta method.
In these equations, i is the unit number. This numerical method is applicable to different types of grid, such as structured grids, unstructured grids and hybrid grids. The heat flux value of adiabatic boundary is zero. And the heat flux value of convective boundary needs to be amended when the cold-wall heat flux is given. The amendatory formula is given by 
Thermal Stress
Because of the thermal expansion only resulted in linear strain, the deformation generated by the heating can be regarded as the initial deformation 0 ε .
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Where α is the coefficient of thermal expansion. 0 φ is the initial temperature, φ is the final temperature. For anisotropic materials, the coefficients of thermal expansion are usually not the same in different direction. As the known condition, the final temperature φ is obtained by Eq. (22) The stress-strain relationship can be expressed as:
Where D is the elastic matrix.
The Eq. (3) is the governing equations of thermal stress. The finite element method is used in the calculation of thermal stress/strain. The thermo-elastic equations can be transformed into the classic finite element equation by the variation principle.
Ka P = ( 2 9 )
Where K is the structure stiffness matrix, P is the structure load vector, a is the displacement vector which needs to be solved.
No matter what type of grid, the K and P are assembled from the element stiffness Therefore, the K and P can be written as 
Where F P is the concentrated load act directly on the node.
In this paper, the F P is considered. As the known condition, (14)&(15) also need to be interpolated to the grid points. After adding the constraint boundary conditions, the linear equations can be solved. The method used in this article is Gaussian elimination method which is the most commonly used [7] . After that, The strain ε and the stress σ , including Von Mises stress, can be obtained.
All the calculations in this paper, including aerodynamic, aerodynamic heating, heat transfer and thermal stress/strain, are obtained by own code. Fig.1 is the model and calculation grid of a typical vehicle with a typical sharp leading edge. In this case, the unstructured grids are used. It should be noted that, the grids are dense near the leading edge. Fig.2 is the flight trajectory used as the thermal environment in the calculation. The flight time is 25 seconds to 89 seconds, and the initial temperature of the structure is 25℃.
Examples

Sharp leading edge of aircraft
Due to the small size of the sharp leading edge, the arrangement of measurement device in the experiment is very difficult. If the test model can be magnified, the experiment will be better carried out. The wind tunnel model in this example is assumed two times larger than the actual model. According to the similarity theory in this paper, the heating time is four times of the original model if the thermal diffusivity is constant. In this case, only one condition is discussed. The surface heat flux decreased to the half of the original model, and the surface emission coefficient also decreased to the half of the original material. Fig.3 is the temperature/Fourier Number characteristics of this sharp leading edge. The figure shows that there has the same temperature distribution if the similarity criterion can be met along the trajectory thermal environment. Fig.4 is the thermal stress contour of original model in 35 second, and Fig.5 is the thermal stress contour of wind tunnel model in 65 second. The heating duration is 20 seconds and 40 seconds respectively. The figures show that the thermal stress is exactly the same in the two models. The results also verify the correctness of the similarity criterion. Due to the size limitation of wind tunnel, the test model is difficult to achieve 1:1 ratio in the thermal environment experiment. Here, the test model dimension is assumed to be the half of the actual one. Supposing the deformation result from the load effect having no effect on the aerodynamic heating, the similarity relationship is the same to the sharp leading edge case. In addition, according to the similarity theory in this paper, the aerodynamic boundary is similar when the inflow condition keep unchanged. Fig.7 is the displacement contour of the original model, and Fig.8 is the displacement contour of the wind tunnel model. The results show that the displacement of the wind tunnel model is the half of the original model. In other words, the value of structure strain is not changed. 
Conclusions
In this paper, the model similarity criteria in wind tunnel test have been confirmed based on dimensionless heat conduction equation and thermoelasticity equations. Some of the similar parameters were calculated and analyzed. The results verified the correctness of the proposed similarity criteria. The criteria are applicable and convenient for the wind tunnel experiments to improve the precision and the efficiency of experiment.
